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Study objective: As part of the APHEA project this study examined the association between airborne
particles and hospital admissions for cardiac causes (ICD9 390–429) in eight European cities (Barce-
lona, Birmingham, London, Milan, the Netherlands, Paris, Rome, and Stockholm). All admissions were
studied, as well as admissions stratified by age. The association for ischaemic heart disease (ICD9
410–413) and stroke (ICD9 430–438) was also studied, also stratified by age.
Design: Autoregressive Poisson models were used that controlled for long term trend, season,
influenza epidemics, and meteorology to assess the short-term effects of particles in each city. The study
also examined confounding by other pollutants. City specific results were pooled in a second stage
regression to obtain more stable estimates and examine the sources of heterogeneity.
Main results: The pooled percentage increases associated with a 10 µg/m3 increase in PM10 and
black smoke were respectively 0.5% (95% CI: 0.2 to 0.8) and 1.1% (95% CI: 0.4 to 1.8) for cardiac
admissions of all ages, 0.7% (95% CI: 0.4 to 1.0) and 1.3% (95% CI: 0.4 to 2.2) for cardiac admis-
sions over 65 years, and, 0.8% (95% CI: 0.3 to 1.2) and 1.1% (95% CI: 0.7 to 1.5) for ischaemic
heart disease over 65 years. The effect of PM10 was little changed by control for ozone or SO2, but was
substantially reduced (CO) or eliminated (NO2) by control for other traffic related pollutants. The effect
of black smoke remained practically unchanged controlling for CO and only somewhat reduced con-
trolling for NO2.
Conclusions: These effects of particulate air pollution on cardiac admissions suggest the primary effect
is likely to be mainly attributable to diesel exhaust. Results for ischaemic heart disease below 65 years
and for stroke over 65 years were inconclusive.

In the past decade, a number of epidemiological studies have

shown that ambient air pollution adversely affects human

health even at levels lower than current national

standards.1 Particulate matter is the pollutant that has most

consistently been associated with short-term effects in

mortality. The independence of this association from other

pollutants, especially SO2, has been questioned. In particular,

this independent effect of particulate matter has been shown

in the US.2 3 In Europe the impact of SO2 was not modified by

particles levels,4 the impact of particles was reduced some-

what by control for SO2.
4 5 The impact of air pollution on hos-

pital admissions is less documented in Europe especially

regarding cardiovascular causes.6–9

The association between air pollution and daily mortality

and hospital admissions has been studied in Europe, mostly

within the APHEA project (Air pollution and Health: a Euro-

pean Approach). This study has found consistent results for

mortality in large Western European cities.3 10 11 For hospital

admissions, though, only respiratory diseases were

investigated.12–14 The objective of this paper is to study the

short-term effect of particles on hospital admissions for

cardiovascular diseases.

METHODS
Table 1 shows daily mean hospital admissions for cardiac dis-

eases (International Classification of Diseases, 9th revision,

390–429), ischaemic heart diseases (ICD9,410–3), and stroke

(ICD9, 430–8) by age groups in eight European cities. The

Netherlands was taken as one large urban area. This was jus-

tified by the fact that the level of particulate air pollution in

urban areas was the same as for the non-urban part of the

Netherlands,15 and by the high correlation among the PM10

monitors in the country. For example, Verhoeff and coworkers

found the correlation between PM10 in Rotterdam and

Amsterdam so high (>0.90) that they were able to substitute

Rotterdam measurements when data were missing in

Amsterdam.16 Routine registers in all cities provided daily

admission data. Emergency admissions were used in every

city except in Milan, Paris, and Rome where only general

admissions data were available. In Rome although the system

does not permit a straightforward classification of emergency

admissions, those conditions that were more likely to be elec-

tive were excluded. The excluded codes have been selected

based on the comparison between emergency and elective

admissions of the London data 1992–94. We excluded the

corresponding codes when 70% or more of the admissions

were elective admissions. To this list we added code 414,

“Other forms of chronic ischaemic heart disease”. Approxi-

mately 65% of these admissions are elective, and while it does

not meet the 70% cut off point, the actual numbers are so

great that they could have an impact on the results for

ischaemic heart disease and cardiovascular diseases. The

Netherlands did not provide information for cardiac causes

for all ages or old people. The pollutants, both particles and

gases, were those generally measured in European cities

(tables 2 and 3). Pollution levels were assessed by fixed

monitoring sites. Monitors with too many missing values

were excluded, using previously published criteria.17 A stand-

ardised procedure 17 was used to fill in days with missing data.

A missing value on day i in year k in monitoring station j was

replaced by a weighted average of the values from the rest of

the monitoring stations—that is:

See end of article for
authors’ affiliations
. . . . . . . . . . . . . . . . . . . . . . .

Correspondence to:
Dr A Le Tertre, 12 rue du
val d’osne, 94410
Saint-maurice, France;
a.letertre@invs-sante.fr

Accepted for publication
18 January 2002
. . . . . . . . . . . . . . . . . . . . . . .

773

www.jech.com

http://jech.bmj.com


Particles were measured mostly by PM10, except in Paris (PM13)

and in Milan and Rome (total suspended particulate, TSP). To

ensure comparability of the results, TSP estimates in Milan

and Rome have been scaled to equivalent PM10 measures using

a locally derived conversion factor of 0.75.18 For Paris, the PM13

values were taken as being equivalent to PM10 in the analyses.

Five cities were also able to provide black smoke data (BS).

Sulphur dioxide (24 hour average), nitrogen dioxide (hourly

values and 24 hour average), and ozone (hourly value and

maximum eight hour average) measurements were available

in all cities and carbon monoxide (eight hour average) in all

except Paris. Stations were chosen to represent background

inner city air quality levels, except for ozone. Thus, stations

located by limited access highways were excluded.
Each centre collected, prepared, and sent its data to the

centre (Paris) in which the analysis was centralised. The sta-
tistical analysis followed a jointly decided methodology.
Autoregressive Poisson models allowing for overdispersion
were fitted. We controlled for potential confounders including
long term trend, season, days of the week, holidays, influenza
epidemics, temperature, and humidity.19 We used generalised
additive models 20 to adjust for non-linear relations between
confounders and morbidity. Diagnostic tools for the models
included the partial autocorrelation function of the residuals
and Akaïke’s information criterion (AIC).21

Hospital admissions are often highly correlated over time.
This results in part from environmental factors such as
season, meteorology, or pollution, but also from other factors
such as day of the week and readmissions. The inclusion of the
omitted variables (season, weather, . . .) reduces the degree of
serial correlation in the outcome series and therefore a good
indicator of the omission of explanatory variables is residual
autocorrelation. In our study, seasonal control was achieved by
minimising the autocorrelation in the residuals and by exam-
ination of residuals plots. We systematically included a smooth
function of temperature and humidity for the same day as the
admissions. Inclusion of lagged effects up to three days or
averaged on one to three days for temperature and humidity,
was based on AIC. Interaction between temperature and
humidity was also investigated. In every city, particles were
introduced as a linear term, using the average of the levels on
the day of admission and the preceding day. It has been shown
that log transformed air pollutant concentrations give the best
fit in settings with high levels of air pollution (that is, higher
than 150 µg/m3 for particles, SO2 or BS).22 Therefore, in our
meta-analysis, using linear terms for PM10, we restricted the
analysis to days with levels of air pollution below 150 µg/m3. If
serial correlation remained in the residuals of the final
models, autoregression terms were added.23

To provide a quantitative summary of results across the cit-
ies, we applied hierarchical methods by obtaining a pooled

regression coefficient as a weighted mean of city specific

regression coefficients. The weights used were inversely

proportional to the city specific estimate’s variance. We deter-

mined the weights assuming a fixed effects model when a χ2

test failed to detect heterogeneity at the sensitive level of

α=20%. The between cities variance was estimated from the

data using the moment method of Der Simonian and Laird.24

When the assumption of homogeneity had to be rejected and

at least five coefficients were available to ensure enough

power, we conducted a second stage regression of local coeffi-

cients on non-time dependent effect modifiers, following the

method developed by Berkey et al.25 We fit this regression using

weighted least squares with weights inversely proportional to

the variance, including a random variance component. Tables

3 and 4 show an overview of potential effect modifiers

collected in each centre. These were indicators of the general

population health status (percentage of smokers, standardised

lung cancer mortality, proportion of death in people over 65

years and standardised mortality), climate conditions (tem-

perature and humidity), situation of air pollution (number of

monitoring stations, pollution levels, and correlation between

pollutants and meteorological variables). As only eight cities

were available, effect modifier were included alternatively in

the models.

When heterogeneity was present and less than five cities

were available, a random effect model was adopted. In this

model, the between cities variance is added to each estimated

local variance, thus giving more similar weights, but also a

larger overall variance. This variance inflation reflects greater

uncertainty about the summary estimate when local results

are heterogeneous.

In each city, we applied also two pollutant models, in which

particles and another pollutant were simultaneously included

into the model as linear terms. Second stage regressions on

these models were also performed following the methodology

developed by Berkey et al.26 Specific functions were written to

perform autoregressive GAM model 23 and meta regression in

S-plus software.

RESULTS
Table 1 shows the daily means of hospital admissions during

the study period. The cities comprise a total population close to

38 million, including 15 million people from the Netherlands

(table 4).

Table 2 shows the descriptive statistics for particles. The

daily mean levels for PM10 ranged from 15.5 µg/m3 in

Stockholm to 52.5 µg/m3 in Rome. Daily mean levels for BS

ranged from 12.5 µg/m3 in the Netherlands to 38.7 µg/m3 in

Barcelona. Correlation coefficients between PM10 and BS

measures ranged from 0.5 to 0.8 (data not shown). Table 3

presents the daily mean levels for the other pollutants. SO2

daily mean levels ranged from 3.8 µg/m3 in Stockholm to 29

µg/m3 in Milan. The highest levels of O3 were in Stockholm,

Barcelona, and the Netherlands. The levels of NO2 reached 86.5

µg/m3 in Rome and 97.9 µg/m3 in Milan. The highest levels of

CO were in Barcelona. Yearly average of temperature ranged

from 8.0°C in Stockholm to 16.8°C in Barcelona. Rome was the

driest city and the Netherlands the wettest. The number of

particle monitoring stations in each city ranged between 1 and

12.

The following analysis presents for each outcome, firstly,

results for individual cities, secondly, pooled estimates and if

heterogeneity is found, a complementary analysis to explain

it.

Cardiac admissions all ages
Figure 1 shows the city specific as well as the pooled fixed and

random effect estimates and their 95 % CIs associated with a

10 µg/m3 increase in the average of PM10, for 0 and 1 day aver-

age lag, on cardiac admissions. All the local estimates were

positive except in Birmingham, and reached the nominal sig-

nificance level (5%) in two cities (London and Milan). The

Table 1 Health data

City

Daily mean hospital admissions

Cardiac*

Cardiac
over 65
years

IHD 0–64
years†

IHD over
65 years

Stroke over
65 years‡

Barcelona 16 11 2 4 4
Birmingham 47 30 10 12 10
London 121 81 20 31 25
Milan 38 25 5 6 10
Netherlands 60 74 43.1
Paris 138 67 25 22 17
Rome 87 55 9 11 19
Stockholm 36 28 4 12 10

*Cardiac: ICD-9 390–429. †Ischaemic heart disease: ICD-9
410–413. ‡Stroke: ICD-9 430–438.

774 Le Tertre, Medina, Samoli, et al

www.jech.com

http://jech.bmj.com


random joint effect estimate was a 0.5% increase in

admissions (95 % CI: 0.2 to 0.8). The PM10 results showed some

heterogeneity across cities (p for heterogeneity =0.17). Eighty

four per cent of this heterogeneity was explained by the corre-

lation between PM10 and NO2. Alternatively, the proportion of

all cardiac admissions occurring in people over 65 years of age

explained 87% of the heterogeneity. The additional increase in

admissions associated with a 10 µg/m3 of PM10, for the city

with either the highest correlation between PM10 and NO2 or

the highest proportion of cardiac admissions for people over

65 years, was respectively of 0.5% and 0.7% compared with the

city with the lowest correlation or proportion. Results for BS

were heterogeneous (p for heterogeneity =0.03), but with

only four cities, we were not able to further investigate the

source of the observed heterogeneity. The random joint effect

was equal to a 1.1% rise in admissions (95 % CI: 0.4 to 1.8)

(table 5).

Cardiac admissions for people over 65 years
Figure 2 shows the city specific as well as the pooled fixed and

random effect estimates for the effect (95% CI) of PM10 on car-

diac admissions for people over 65 years old. All the city spe-

cific estimates were positive, and they reached the nominal

significance level (5%) in three cities (London, Milan, and

Table 2 Particle measures: descriptive statistics

City Pollutant* Start date End date
Number
of days

Number
>150 µg/m3

Number of
days missing

Descriptive statistics (n/day)†

Mean SD 1st Q Median 3rd Q

Barcelona PM10 01/01/94 31/12/96 1096 0 0 55.7 18.4 42.4 53.3 66.0
BS 01/01/94 31/12/96 1096 0 0 38.7 14.0 28.7 36.2 46.3

Birmingham PM10 20/03/92 31/12/94 1017 0 84 24.8 13.1 15.5 21.5 30.0
BS 01/01/92 31/12/94 1096 0 1 13.3 7.7 8.4 11.5 15.7

London PM10 25/01/92 31/12/94 1072 0 89 28.4 12.3 20.0 24.9 34.0
BS 01/01/92 31/12/94 1096 0 0 13.1 7.5 8.2 11.3 15.7

Milan PM10‡ 19/01/90 31/12/96 2904 12 83 51.5 22.7 35.3 45.9 61.3

Netherlands PM10 01/01/92 30/09/95 1369 5 5 39.5 19.9 25.7 33.4 48.7
BS 01/01/89 30/09/95 2464 0 1 12.5 11.3 5.7 9.1 14.8

Paris PM13 01/01/92 30/09/96 1735 0 4 22.7 10.8 15.1 20.1 27.6
BS 01/01/92 30/09/96 1735 0 0 22.5 14.2 12.9 18.6 28.1

Rome PM10‡ 01/01/95 18/07/97 930 0 0 52.5 12.9 43.6 51.9 59.5

Stockholm PM10 09/03/94 08/12/96 1006 0 0 15.5 7.2 10.2 13.6 18.9

*Average pollutant measures on same and previous day to admission: units µg/m3. †Descriptive statistics exclude days >150 µg/m3. ‡TSP rescaled on
PM10.

Table 3 Effect modifiers: environmental data

City
Number
of days

Daily mean pollutant levels*

Temp °C Hum %

Number of stations

SO2 O3 NO2 CO PM10 BS

Barcelona 1096 N/A 59.3 53.7 7.9 16.8 77.0 3 8
Birmingham 1017 24.3 44.3 47.9 1.1 10.0 78.3 1 3
London 1072 23.6 34.9 64.2 1.5 12.0 70.5 1 4
Milan 2829 29.1 43.3 97.9 5.0 14.0 68.4 3 N/A
Netherlands 1364 8.5 57.7 29.0 0.7 10.4 83.1 8 10
Paris 1735 17.7 36.3 53.9 N/A 12.3 75.3 4 12
Rome 930 9.8 26.0 86.5 3.9 16.2 60.3 5 N/A
Stockholm 1006 3.8 66.6 25.0 0.7 8.0 71.1 1 N/A

*Calculated on 24 hours levels (8 hours for O3 and CO) for current and previous day; units: µg/m3 except
for CO (mg/m3).

Table 4 Effect modifiers: other factors

City
Population
(m)

Mortality
(number of deaths)

% Deaths
>65 years

Lung cancer
(number of deaths) % Smoking

Cardiac 65/
cardiac*

IHD 65/
cardiac 65†

Study area
(km2)

Barcelona 1.6 740 78 48 36 0.72 0.38 156
Birmingham 2.3 895 77 49 29 0.64 0.42 900
London 7.6 851 77 50 34 0.67 0.39 1600
Milan 1.3 641 79 41 25 0.65 0.24 182
Netherlands 15.4 757 79 52 36 NA NA 41526
Paris 6.2 640 72 42 30 0.49 0.33 657
Rome 2.7 585 79 47 35 0.64 0.19 1283
Stockholm 1.1 666 85 31 22 0.78 0.42 500

*Proportion of cardiac admissions for people over 65 years on cardiac admissions all ages. †Proportion of ischaemic heart disease admissions for people
over 65 years on cardiac admissions over 65 years.
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Stockholm). The fixed joint effect estimate was equal to a 0.7%

rise in admissions (95 % CI: 0.4 to 1.0). There was no substan-

tial heterogeneity in PM10 results across cities (p for

heterogeneity =0.56). Results for BS showed some heterogen-

eity (p for heterogeneity =0.02). The random joint effect esti-

mate was equal to a 1.3% rise in admissions (95 % CI 0.4 to

2.2) (table 5).

Ischaemic heart disease admissions for people less
than 65 years
Results for ischaemic heart disease for people below 65 years

in relation with PM10 were not conclusive. Four of eight local

estimates were positive, and only one significant (London).

The overall random or fixed effect estimates were equal to 0.3

and non-significant (table 5). There was no significant hetero-

geneity in PM10 results across cities (p for heterogeneity

=0.24). Results for BS were also inconclusive as we found a

negative effect in one city, a null effect in another one, and a

positive one in three cities. Confidence intervals were

non-significant. The fixed effects estimate associated to 10

µg/m3 increase in BS was equal to 0.1% (95 % CI: −0.4 to 0.5)

(table 5). No heterogeneity was found (p for heterogeneity

=0.87).

Ischaemic heart disease admissions for people over 65
years
Figure 3 shows the city specific as well as the pooled fixed and

random effect estimates and their 95% CI associated with a 10

µg/m3 increase in the average of PM10 for 0 and 1 day average

lag on ischaemic heart disease admissions for people over 65

years. All the city specific estimates were positive, except in

Barcelona, and they reached the nominal significance level

(5%) in four cities (London, Netherlands, Paris, and Stock-

holm). The random joint effect estimate was equal to a 0.7%

rise in admissions (95 % CI: 0.3 to 1.2). The PM10 results were

heterogeneous across cities (p for heterogeneity =0.07).

Factors that univariately explained some of this heterogeneity

were the standardised lung cancer mortality rate (25% of it),

the correlation between PM10 and CO 8h, (40% of it), and the

annual level of O3 (41% of it). Figure 4 shows the city specific

PM10 effect estimates for ischaemic heart disease admissions

in people over 65 years plotted versus the annual mean level of

O3 in each city. The triangles represent the individual city esti-

mate and the error bar, its 95% CI. The line corresponds to the

fitted regression of these estimates versus the annual mean

level of O3, and the bubbles centered around individual

estimates are proportional to the local weight used in univari-

ate metaregression. This regression was significant at p<0.05,

and the magnitude of the effect modification was substantial.

The additional increase in admissions associated with a

Table 5 Pooled percentage increases under fixed
and random effect models for a 10 µg/m3 increase in
pollutant levels

PM10 Black smoke

% 95% CI % 95% CI

Cardiac
Fixed 0.5 0.3 to 0.7 0.8 0.5 to 1.2
Random 0.5 0.2 to 0.8 1.1 0.4 to 1.8

Cardiac over 65 years
Fixed 0.7 0.4 to 1.0 0.9 0.4 to 1.3
Random 0.7 0.4 to 1.0 1.3 0.4 to 2.2

IHD below 65 years
Fixed 0.3 −0.1 to 0.6 0.1 −0.4 to 0.5
Random 0.3 −0.2 to 0.7 0.1 −0.4 to 0.5

IHD over 65 years
Fixed 0.6 0.3 to 0.8 1.1 0.7 to 1.5
Random 0.8 0.3 to 1.2 1.1 0.6 to 1.6

Stroke over 65 years
Fixed 0.0 −0.3 to 0.3 −0.1 −0.5 to 0.4
Random 0.0 −0.3 to 0.3 0.0 −0.7 to 0.6

Figure 1 The estimated percentage increase in cardiac admissions
in each city is shown as well as pooled fixed and random effect
estimates associated with a 10 µg/m3 increase in the average of
PM10 for 0 and 1 day average lag.

Figure 2 The estimated percentage increase is shown in cardiac
admissions for people over 65 years in each city as well as pooled
fixed and random effect estimates associated with a 10 µg/m3

increase in the average of PM10 for 0 and 1 day average lag.

Figure 3 The estimated percentage increase in ischaemic heart
disease admissions is shown for people over 65 years in each city
as well as pooled fixed and random effect estimates associated with
a 10 µg/m3 increase in the average of PM10 for 0 and 1 day
average lag.
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10 µg/m3 rise in PM10, for the city with either the lowest corre-

lation between PM10 and CO or the lowest standardised lung

cancer mortality or the lowest annual level O3 was respectively

of 1.2%, 0.8%, and 1.4% compared to the city with the highest

correlation or lung cancer mortality or annual level of O3.

The fixed joint effect estimate associated with a 10 µg/m3

increase in BS on ischaemic heart disease admissions for

people over 65 years was equal to 1.1 (95% CI 0.7 to 1.5) (table

5). There was no significant heterogeneity in BS results across

cities (p for heterogeneity =0.28).

Stroke admissions for people over 65 years
Results for stroke for people over 65 years in relation with PM10

were less conclusive. Four of eight local estimates were

positive, but non-significant. The fixed joint effect estimate

was equal to zero. There was no substantial heterogeneity (p

for heterogeneity =0.74). The same pattern occurred for BS

with a fixed joint estimate equal to −0.1 (95% CI −0.5 to 0.4)

(table 5).

Two pollutant models
We next examined the potential that the above associations

were confounded by other pollutants by fitting two pollutant

models for hospital admissions for cardiac causes (all ages and

for people over 65 years) and for ischaemic heart disease for

people over 65. In these two pollutant models, we calculated

overall and specific (one for each pollutant) χ2 tests for

heterogeneity. When the specific test on particles led to a

rejection of the hypothesis of homogeneity, we used a random

effect model, otherwise we used a fixed effect model. Special

attention was paid to PM10 BS models. In this case, if one of the

overall or specific tests led to heterogeneous results, random-

effect models were used. In some cities, BS or CO were not

available. To compare the PM10 or BS effects between a single

and a two pollutant model in the same cities, we first

calculated pooled results for PM10 and BS, excluding cities

with missing BS data for PM10 analyses, or missing CO data for

BS or PM10 analyses. The estimates were similar, although their

variance were slightly larger. PM10 estimates and 95% CI were

stable after controlling for O3 or SO2 (table 6). Controlling for

CO reduced the estimated effect size and, widened the confi-

dence intervals. PM10 estimates became close to zero when

combined with NO2, or BS. We also observed an inflation of the

variance estimates, leading to wide confidence intervals.

BS results (table 7) were more consistent and robust, except

with control for NO2. Controlling for NO2, diminished the BS

effect by a factor of almost two for cardiac admissions, and

almost four for ischaemic heart disease. The sum of the BS and

NO2 effects was of the same magnitude as the one for BS in a

single pollutant model. For cardiac admissions, all ages, BS

estimates, controlling for any pollutant (including PM10) but

not NO2 were mostly unchanged and remained significant at

the nominal level of 5%. For cardiac admissions, for people

over 65 years, BS estimates controlling for pollutants other

than NO2, were mostly unchanged but remained significant at

the nominal level of 5% only for the CO and PM10 models. The

estimate for ischaemic heart disease for people over 65 was

quite robust, except with NO2, but combined with PM10, its

variance was wider and it was no longer significant.

DISCUSSION
This combined analysis summarises the results from eight

European cities concerning the short-term effects of PM10 and

BS on hospital admissions for cardiovascular causes. It should

be noted that certain frequently encountered problems of

meta-analysis do not apply in our study.4 There was no selec-

tion bias in the sense that the participating cities were not

selected based on the results of their analysis, but were prese-

lected in advance, based on their ability to provide data. All the

city specific analyses were centralised in one place, giving

homogeneity in the statistical methodology. Data on expo-

sures and confounding factors were collected to an agreed

specification to ensure consistency across cities. One problem

Table 6 Pooled estimates for the increase in the total daily number of deaths associated with PM10 increase of 10
µg/m3 (average of lags 0 and 1) adjusting alternatively for other pollutants in two pollutant models

PM10 95% CI +SO2 95% CI +O3 95% CI +NO2 95% CI +CO 95% CI +BS 95% CI

Cardiac 0.5* 0.2 to 0.8 0.5* −0.9 to 2.0 0.5* 0.2 to 0.9 −0.2† −0.5 to 0.1 0.2* −0.3 to 0.7 −0.2* −1.2 to 0.8
Cardiac over 65 years 0.7† 0.4 to 1.0 0.9* −1.1 to 3.0 0.7† 0.4 to 1.0 −0.2† −0.5 to 0.2 0.5* −0.6 to 1.6 0.1* −0.4 to 0.7
IHD over 65 years 0.8* 0.3 to 1.2 1.3* −1.8 to 4.4 0.9* −0.1 to 1.9 0.3* −1.1 to 1.7 0.5* −0.7 to 1.7 0.2* −0.9 to 1.4

*Random effect model. †Fixed effect model.

Table 7 Pooled estimates for the increase in the total daily number of deaths associated with black smoke (BS) increase
of 10 µg/m3 (average of lags 0 and 1) adjusting alternatively for other pollutants in two pollutant models

BS 95% CI +SO2 95% CI +O3 95% CI +NO2 95% CI +CO 95% CI +PM10 95% CI

Cardiac 1.1* 0.4 to 1.8 0.6† 0.2 to 1.1 1.1* 0.4 to 1.7 0.7* −1.0 to 2.4 1.2† 0.5 to 1.9 1.6* −0.3 to 3.5
Cardiac over 65 years 1.3* 0.4 to 2.2 1.2* −1.1 to 3.6 1.3* −0.1 to 2.7 0.5* −1.6 to 2.6 1.6† 0.7 to 2.4 1.5* 0.3 to 2.7
IHD over 65 years 1.1† 0.7 to 1.5 0.8† 0.3 to 1.4 1.1† 0.7 to 1.6 0.3† −0.2 to 0.9 0.9† 0.3 to 1.5 0.8* −1.1 to 2.7

*Random effect model. †Fixed effect model.

Figure 4 The estimated percentage increase in ischaemic heart
disease admissions is shown for people over 65 years associated
with a 10 µg/m3 increase in the average of PM10 for 0 and 1 day
average lag plotted versus the annual mean level of ozone.
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encountered with data comparability on health outcomes was

that Paris, Milan, and Rome were not able to provide

emergency admissions only. An analysis of London data

showed that emergency admissions were the main part of

general admissions for cardiovascular causes, the proportion

of emergency to total admissions (all ages) being 62% for car-

diac, 82% for ischaemic heart disease, and 80% for stroke.

Because Paris, Milan, and Rome have non-elective admissions,

this would tend to underestimate the coefficients compared

with the cities that have only emergency admissions.
A common criticism of meta-analyses of air pollution health

effects, is that they combine relative risks chosen at different
lags, thus maximising the impact of air pollution. To avoid this
criticism, an a priori choice of a mean of exposure on the day
of and day before the event was made. However, defining a
priori a fixed lag between exposure and response for each city
can induce heterogeneity in the results, as the effect of air pol-
lution may differ in time between cities, depending on the
frailty of the population, processes of admission to hospital,
ventilation rates of buildings or the exposure to air pollution.
Variations in the serial correlation of the exposure variable
may also affect how well a two day unweighted mean
represents the true lagged effect of air pollution, which may be
spread over more than two days, but with unequal weights. A
recent paper examined distributed lag models versus single
day exposures, or the mean of two days, in 10 US cities. It
reported that there were city to city variations in how well the
two day mean did in explaining the overall effect of PM10 on all
cause mortality.27 Similar results have also been reported for
hospital admissions for cardiac disease.9

We found a significant effect of PM10 and BS on admissions
for cardiac causes (all ages), and cardiac causes and ischaemic
heart disease for people over 65 years. The percentage
increases associated with a 10 µg/m3 increase in PM10 and BS
were respectively around 0.5 and 1. The impact of PM10 per
unit of pollution is half of that found in the United States.4 9

The pattern of the PM associations in combination with
other air pollutants was quite suggestive. PM10 did not seem to
be confounded by O3 or SO2. The effect was reduced when CO
was incorporated in the regression model and eliminated
when controlling for NO2. CO is primary a traffic pollutant
representing mainly gasoline fuelled engines and NO2 a
secondary pollutant also mainly influenced by traffic (diesel
and non-catalysed gasoline fueled cars), as is part of PM10.
These results suggest that the association of air pollution with
cardiovascular hospital admissions is primarily attributable to
traffic exhaust. The stronger confounding by NO2 than by CO,
suggests that diesel exhaust is primarily responsible. This
conclusion is also supported by the finding that BS, which is
dominated by diesel particles, is little affected by control for
CO or PM10 and less affected by control for NO2 in our analysis.
In contrast, the coefficient of PM10 after controlling for BS is
close to zero, suggesting that particles from non-traffic (and
primarily non-diesel) sources are not involved in the
association.

Further support for a role of diesel exhaust comes from the
negative slope in the meta regression of the PM10 coefficient
against mean ozone concentration. Ozone is formed by photo-
chemical processes, which also result in the formation of sec-

ondary particles. Hence, higher ozone towns tend to have
higher levels of secondary particles. The finding of higher PM10

slope in towns where there are fewer secondary particles also
suggests diesel exhaust. A recent report supports this finding.
A recent analysis using factor analysis of daily measurements
of the elemental composition of particles has reported that
traffic derived particles are more associated with cardiovas-
cular mortality and sulphate particles with respiratory
mortality.28 Another recent US study compared the effect esti-
mates for PM10 on cardiac hospital admissions in 14 US cities
to data on the composition of the particles in those cites.29

Janssen and coworkers found that the percentage of particles
from traffic was a strong predictor of the PM10 effect, with
substantially larger effects in town with a greater proportion
of diesel and traffic particles.

We found little evidence of an impact of particles on hospi-
tal admissions for ischaemic heart disease in people below 65
years or stroke for people over 65 years. Burnett 30 also found a
weak association between air pollution and hospitalisation for
cerebrovascular and peripheral vascular diseases.

Particles seem to be the pollutant for which recent biologi-
cal studies indicate a possible causal effect. Recent findings
tend to relate particulate pollution to an increased plasma
viscosity,31 increased risks of raised heart rate,32 electrocardio-
graphic changes in dogs 33 and humans,34–36 and the triggering
of myocardial infarction.37 Concentrated human exposure to
concentrated air particles has also been associated with
increase in plasma fibrinogen.38 Epidemiological associations
have been reported between plasma fibrinogen and both par-
ticles and NO2.

39 40 Particles and NO2 have also been associated
with the incidence of ventricular arrhythmia and ventricular
tachycardia in patients with implanted cardioverter
defibrillators.41 These studies suggest that particles have an
effect on the physiology of cardiovascular system, but none of
these studies clearly points to a possible effect on stroke for
which we did not find any consistent result. Several studies
have indicated that the smaller particles, those less than 2.5
µm, are mainly responsible for these effects. Watkinson 42

shows that rodents exposed to fugitive oil fly ash particles
present an increase in the incidence and duration of serious
arrhythmic events.

We must acknowledge several limitations to our analysis.
The analysis of PM10 effects was hindered by the different
measurement methods that were used. Italian cities (Milan
and Rome) provided TSP and Paris PM13 instead of PM10. Com-
bining results using these different measurements in a meta-
analysis may increase heterogeneity, and consequently, add
noise to the overall estimate.

When we found significant heterogeneity between local
estimates, we performed an univariate metaregression. We
found that cardiac admissions (all ages) and ischaemic heart
disease admissions for people over 65 years were heterogene-
ous in regard to PM10 effect. Hospital admissions for cardiac
causes (all ages and for people over 65 years) were also
heterogeneous regarding a BS effect. We found a greater risk
for people over 65 years than for people below 65 years. This
finding was confirmed by the fact that heterogeneity in the
effect of PM10 on cardiac admissions for all ages was explained,
in part, by the proportion of cardiac admissions for people over
65 years on all ages. We did not find any evidence that mete-
orological conditions were modifying particle results. Regard-
ing the health status of the population, we only found a nega-
tive relation between standardised lung cancer death and PM10

estimates for ischaemic heart disease admissions for people
over 65 years. The meaning of this association is not clear, and
need to be confirmed in future research.

If we examine figure 4, which expresses the percentage
increase for 10 µg/m3 of PM10 on ischaemic heart disease for
people over 65 years, ranged by at the annual mean level of O3,
we can see the fragility of the relation. Removing one city can
lead to a different effect of the mean O3 concentration on local

Key points

• Eight European cities provided data on hospital admissions
and air pollution.

• There is little evidence of an impact of particles on hospital
admissions for ischaemic heart disease in people below 65
years or stroke for people over 65 years.

• The primary effect of particulate air pollution on cardiac
admissions is probably mainly attributable to diesel
exhaust.
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estimates, either positive or negative. As these univariate

metaregressions were performed in eight cities, the inclusion

or exclusion of one city may lead to non-negligible changes in

results. This issue is going to be investigated with a large pool

of cities, in the framework of APHEA2-NMMAPS collabora-

tion.

This study brings new evidence on the effects of particles on

cardiac diseases and points out the specific role of diesel

exhaust in Europe. Although the most consistent results were

for BS, and not for PM10, globally our results are in the same

range that those already published in the US, and consistent

with recent US studies suggesting a greater role for traffic

exhaust particles in exacerbating heart disease.

. . . . . . . . . . . . . . . . . . . . .
Authors’ affiliations
A Le Tertre, S Medina, Environmental Health Unit, National Institute of
Public Health Surveillance, France
E Samoli, K Katsouyanni, Department of Hygiene-Epidemiology,
Athens, Greece
B Forsberg, Department of Public Health and Clinical Medicine, Umea
University, Umea, Sweden
P Michelozzi, Agency for Public Health Lazio region, Rome, Italy
A Boumghar, Health Regional Observatory, Paris, France
J M Vonk, Faculty of Medical Sciences, Department of Epidemiology
and Statistics, University of Groningen, Netherlands
A Bellini, Local Health Authority, Milan, Italy
R Atkinson, Department of Public Health Sciences, St George’s Hospital
Medical School, London, UK
J G Ayres, Birmingham Heartlands Hospital, Birmingham, UK
J Sunyer, Unitat de Recerca Respiratoria i Ambiental, Institut Municipal
Investigació Médica (IMIM), Barcelona, Spain
J Schwartz, Environmental Epidemiology Program, Department of
Environmental Health, Harvard School of Public Health, Boston, USA

Funding: The APHEA 2 study is supported by the European Commission
(EC) Environment and Climate 1994–98 Programme (Contract number
ENV4-CT97–0534). The Swedish group had national funding only.

Conflicts of interest: none.

REFERENCES
1 OMS. Air quality guidelines for Europe. European series no 23. Geneva:

WHO regional publications, 1987.
2 Schwartz J, Dockery DW, Neas LM. Is daily mortality associated

specifically with fine particles? J Air Waste Manage Assoc
1996;46:2–14.

3 Samet JM, Dominici F, Currieror FL, et al. Fine particulate air pollution
and mortality in 20 US cities, 1987–1994. N Engl J Med
2000;343:1742–9.

4 Katsouyanni K, Touloumi G, Spix C, et al. Short-term effects of ambient
sulphur dioxide and particulate matter on mortality in 12 European cities:
results from time series data from the APHEA project. BMJ
1997;314:1658–63.

5 Katsouyanni K, Touloumi G, Samoli E, et al. Confounding and effect
modification in the short-term effects of ambient particles on total
mortality: Results from 29 European cities within the APHEA2 project.
Epidemiology 2001;12:521–31.

6 Schwartz J. Air pollution and hospital admissions for heart disease in
eight U.S. counties. Epidemiology 1999;10:17–22.

7 Burnett RT, Dales R, Krewski D, et al. Association between ambient
particulate sulfate and admissions to Ontario hospitals for cardiac and
respiratory diseases. Am J Epidemiol 1995;142:15–22.

8 Poloniecki JD, Atkinson RW, De Leon AP, et al. Daily time series for
cardiovascular hospital admissions and previous day’s air pollution in
London, UK. Occup Environ Med 1997;54:535–40.

9 Zanobetti A, Schwartz J, Dockery DW. Airborne particles are a risk
factor for hospital admissions for heart and lung disease. Environ Health
Perspect 2000;108:1071–7.

10 Zmirou D, Schwartz J, Saez M, et al. Time-series analysis of air pollution
and cause-specific mortality. Epidemiology 1998;9:495–503.

11 Touloumi G, Katsouyanni K, Zmirou D, et al. Short term effects of
ambient oxidants exposure on mortality: a combined analysis within the
APHEA project. Am J Epidemiol 1997;146:177–84.

12 Spix C, Anderson HR, Schwartz J, et al. Short-term effects of air pollution
on hospital admissions of respiratory diseases in Europe: a quantitative

summary of APHEA study results. Air Pollution and Health: a European
Approach. Arch Environ Health 1998;53:54–64.

13 Sunyer J, Spix C, Quénel P, et al. Urban air pollution and emergency
admissions for asthma in four European cities: the APHEA Project. Thorax
1997;52:760–5.

14 Anderson HR, Spix C, Medina S, et al. Air pollution and daily
admissions for chronic obstructive pulmonary disease in 6 European
cities: results from the APHEA project. Eur Respir J 1997;10:1064–71.

15 Van Der Zee S, Hoek G, Harssema H, et al. Characterization of
particulate air pollution in urban and non-urban areas in The
Netherlands. Atmospheric Environment 1998;32:3717–29.

16 Verhoeff AP, Hoek G, Schwartz J, et al. Air pollution and daily mortality
in Amsterdam, The Netherlands. Epidemiology 1996;7:225–30.

17 Katsouyanni K, Schwartz J, Spix C, et al. Short term effects of air
pollution on health: a European approach using epidemiological time
series data: the APHEA protocol. J Epidemiol Community Health
1996;50 (suppl 1):S12–18.

18 Michelozzi P, Forastiere F, Fusco D, et al. Air pollution and daily
mortality in Rome, Italy. Occ Environ Med 1998;55:605–10.

19 Schwartz J, Spix C, Touloumi G, et al. Methodological issues of air
pollution and daily counts of deaths or hospital admissions. J Epidemiol
Community Health 1996;50 (suppl 1):S12–18.

20 Hastie T, Tibshirani R. Generalized additive models. London: Chapman
and Hall, 1990.

21 Akaike H. Information Theory and an extension of the maximum
likelihood principle. In: Petros BN, Csaki F, eds: 2nd International
Symposium on Information Theory. Budapest: Akademiai Kiado, 1973.

22 Wojtyniak B, Piekarski T. Short-term effects of air pollution on mortality
in Polish urban populations-what is different? J Epidemiol Community
Health 1996;50 (suppl 1):S36–41.

23 Brumback BA, Ryan LM, Schwartz J, et al. Transitional regression
models with application to environmental time series. Journal of the
Amercian Statistical Association 2000;449:16–28.

24 Der Simonian R, Laird N. Meta-analysis in clinical trials. Control Clin
Trials 1986;7:177–88.

25 Berkey CS, Hoaglin DC, Mosteller F, et al. A random-effects regression
model for meta-analysis. Stat Med 1995;14:395–411.

26 Berkey CS, Hoaglin DC, Antczak-Bouckoms A, et al. Meta-analysis of
multiple outcomes by regression with random effects. Stat Med
1998;17:2537–50.

27 Schwartz J. The distributed lag between air pollution and daily deaths.
Epidemiology 2000;11:320–6.

28 Laden F, Neas L, Dockery DW, et al. Association of different
components of fine particles with daily mortality. Environ Health Perspect
2000;108:941–7.

29 Janssen NAH, Schwartz J, Zanobetti A, et al. Air conditioning and
combustion related particles as modifiers of the effect of PM10 on
hospital admissions for heart and lung diseases. Environ Health Perspect
(in press).

30 Burnett RT, Smith-Doiron M, Stieb D, et al. Effects of particulate and
gaseous air pollution on cardiorespiratory hospitalizations. Arch Environ
Health 1999;54:130–9.

31 Peters A, Doring A,Wichman HE, et al. Increased plasma viscosity
during an air pollution episode: a link to mortality? Lancet 349:1582–7.

32 Pope CA, Dockery DW, Kanner RE, et al. Oxygen saturation, pulse rate,
and particulate air pollution. Am J Resp Crit Care Med
1999;159:365–72.

33 Godleski JJ, Sioutas C, Verrier RL, et al. Inhalation exposure of canines
to concentrated ambient air particles. Am J Resp Crit Care Med
1997;155:A246.

34 Pope CA 3rd, Verrier RL, Lovett EG, et al. Heart rate variability
associated with particulate air pollution. Am Heart J 1999;138(5 Pt
1):890–9.

35 Liao D, Creason J, Shy C, et al. Daily variation of particulate air
pollution and poor cardiac autonomic control in the elderly. Environ
Health Perspect 1999;107:521–5.

36 Gold DR, Litonjua A, Schwartz J, et al. Ambient pollution and heart rate
variability. Circulation 2000;101:1267–73.

37 Peters A, Dockery DW, Muller JE, et al. Increased particulate air
pollution and the triggering of myocardial infarction. Circulation
2001;103:2810–15.

38 Ghio AJ, Kim C, Devlin RB. Concentrated ambient air particles induce
mild pulmonary inflammation in health human volunteers. Am J Respir
Crit Care Med 2000;162:981–8.

39 Pekkanen J, Brunner EJ, Anderson HR, et al. Daily concentrations of air
pollution and plasma fibrinogen in london. Occup Environ Med
2000;57:818–22.

40 Schwartz J. Air Pollution and blood markers of cardiovascular risk.
Environ Health Perspect 2001;109 (suppl 3):405–9.

41 Peters A, Liu E, Verrier RL, et al. Air pollution and incidence of cardiac
arrhythmia. Epidemiology 2000;11:11–17.

42 Watkinson WP, Campen MJ, Costa DL. Cardiac arrhythmia induction
after exposure to residual oil fly ash particles in a rodent model of
pulmonary hypertension. Toxicol Sci 1998; 41:209–16.

Association of particulate air pollution and cardiovascular diseases 779

www.jech.com

http://jech.bmj.com

